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Summary
Background Congenital disorders associated with prenatal vertical transmission of Zika virus (ZIKV) is well estab-
lished since the 2016 outbreak in the Americas. However, despite clinical reports of similar mode of transmission
for other flaviviruses such as dengue virus (DENV), the phenomenon has not been experimentally explored.

Methods Pregnant AG129 mice were infected with DENV1 in the presence or absence of enhancing antibodies at
different gestational time points. ZIKV was used for comparison. We quantified viral load in fetus and placentas and
performed comprehensive gene expression profiling in the maternal (decidua) and fetal portion of placenta
separately.

FindingsWe demonstrate in a laboratory experimental setting that DENV can be transmitted vertically in a gestation
stage-dependent manner similar to ZIKV, and this incidence drastically increases in the presence of enhancing anti-
bodies. Interestingly, a high rate of DENV fetal infection occurs even though the placental viral load is significantly
lower than that found in ZIKV-infected dams. Comprehensive gene expression profiling revealed DENV infection
modulates a variety of inflammation-associated genes comparable to ZIKV in decidua and fetal placenta in early
pregnancy.

Interpretation Our findings suggest that the virus-induced modulation of host gene expression may facilitate DENV
to cross the placental barrier in spite of lower viral burden compared to ZIKV. This mouse model may serve to iden-
tify the host determinants required for the vertical transmission of flaviviruses and develop appropriate
countermeasures.
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Introduction
Dengue is emerging as a global public health threat
with an estimated 400 million human infections and
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several hundred thousand cases of severe dengue occur-
ring yearly.1 Dengue virus (DENV) infection with any of
the 4 related viral serotypes (DENV1�4) causes a variety
of clinical manifestations ranging from self-limiting
febrile illness, known as dengue fever (DF), to the life-
threatening severe diseases, such as dengue hemor-
rhagic fever (DHF) or dengue shock syndrome (DSS),
characterized by vascular leakage, thrombocytopenia,
bleeding and elevated levels of cytokines.2�4 DHF/DSS
are often associated with secondary infections where
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Research in context

Evidence before this study

The mechanism(s) that permit vertical transmission of
flaviviruses is unknown. Although it has received less
attention compared with Zika virus (ZIKV), prenatal ver-
tical transmission is reported for other flaviviruses. Espe-
cially, in the case of dengue virus (DENV), it has been
reported that vertical transmission rate can be as high
as 18.5�22.7%, which is comparable to the case of ZIKV.
However, there are so far no experimental animal mod-
els that can recapitulate and explore this phenomenon.

Added value of this study

This study shows that DENV can cross the placental bar-
rier in an animal model, and that the rate of fetal infec-
tion drastically increases under the condition mimicking
antibody-dependent enhancement of infection (ADE) in
mice. This study also demonstrates that similar to ZIKV,
fetal DENV infection occurs during an early stage of
pregnancy when extensive cell proliferation and remod-
eling are underway in the placenta, and that a variety of
inflammatory responses are modulated by DENV and/or
ZIKV infection in placenta in a gestation-stage depen-
dent manner in mice.

Implications of all the available evidence

This study demonstrates that gene expression pattern
in placenta varies in a gestation stage-dependent man-
ner during flavivirus infection in animal models.
Detailed analysis of the molecular events associated
with placentation during DENV and ZIKV infection may
serve to identify the key factor(s) responsible for vertical
transmission of flaviviruses and develop appropriate
countermeasures.
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pre-existing antibodies to a prior DENV infection form
non-neturalizing complex with a currently circulating
heterotypic DENV serotype, resulting in a phenomenon
termed antibody-dependent enhancement (ADE) of
infection.3 At present, there are no approved antiviral
drugs to prevent or treat DENV infections and only one
vaccine, Dengvaxia, is commercially available in over 20
countries as a potential preventative approach. How-
ever, due to the risk of developing severe dengue in
naÿve individuals, the use of Dengvaxia is mostly lim-
ited to individuals who have experienced prior DENV
infection.5 Thus, the development of novel anti-dengue
drugs and alternative vaccines is still an ongoing effort.

Zika virus (ZIKV) outbreak in Brazil in 2016 and the
associated congenital zika syndrome (CZS)6 has drawn
attention on the risks associated with viral infection dur-
ing pregnancy. ZIKV is a member of the flavivirus
genus, which also includes DENV, Japanese encephali-
tis virus (JEV), West Nile virus (WNV), Yellow fever
virus (YFV) amongst nearly 70 viruses that are
medically important. ZIKV infection is primarily associ-
ated with mild self-limiting illness, however, there is
compelling evidence of its association with fetal brain
and central nervous system abnormalities, such as
microcephaly, which are believed to occur via direct
infection of the fetus.7 Although less well-established
compared with ZIKV, it has been reported that infection
by other flaviviruses, such as DENV, JEV, WNV and
YFV, during pregnancy can lead to severe outcomes.8

In the case of DENV, it has been reported previously
that 2.8% of pregnant women in an endemic area had
serological evidence of DENV infection during preg-
nancy9 and that symptomatic dengue can be associated
with adverse fetal/infant outcomes such as preterm
birth and/or low birthweight,10�14 and miscarriage or
stillbirth.12,13,15�21 It has also been reported that preg-
nant women infected with DENV are susceptible to
increased disease severity and mortality.18�20,22�25

Additionally, vertical transmission has been reported
for DENV infection by detecting the virus genome and/
or DENV-specific IgM in the fetal and cord blood at
birth.26�29 DENV infection has also been histologically
detected in tissues of aborted fetuses aged 12 weeks
old28 and 29 weeks old.30 A recent prospective cohort
study revealed that DENV vertical transmission rate can
be as high as 18.5�22.7%,29 which is comparable to the
26.1% observed for ZIKV epidemic in French Guiana in
2015�2016.31 However, despite these reports on DENV
infection during pregnancy in light of the massive
global footprint of dengue,1 the issue has not received
the same level of public attention as ZIKV infection
probably due to the lack of any association with severe
pathophysiological abnormalities such as microcephaly
and other neurological deficits.

Animal models have experimentally demonstrated
that ZIKV infection in pregnancy results in fetal infec-
tion and adverse pregnancy outcomes.32 We previously
showed that ZIKV infection in early pregnancy results
in a high rate of fetal infection in IFN-receptor deficient
mice, which can be prevented by therapeutic neutraliz-
ing antibodies (Abs)33 or antivirals.34 Here, we show
that DENV can also cross the placental barrier in an ani-
mal model, and that the rate of fetal infection drastically
increases under ADE condition in IFN receptors defi-
cient mice (AG129 mice). We also show that similar to
ZIKV, a high rate of vertical transmission of DENV
occurs during early stages of pregnancy when extensive
cell proliferation and differentiation are underway in
the placenta. Comprehensive gene expression profiling
reveals that gene expression pattern is different between
maternal decidua and fetal placenta at various stages of
pregnancy. A variety of inflammatory responses are
commonly, but in part specifically, modulated by DENV
and/or ZIKV infection in early pregnancy. The mecha-
nism(s) that permit vertical transmission of flaviviruses
is unknown and few studies have attempted to elucidate
the mechanism from the perspective of host molecular
www.thelancet.com Vol 77 Month March, 2022
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events in placenta. Therefore, our study may provide a
pathway to understand the mechanisms of transplacen-
tal infection of flaviviruses and develop therapeutics for
its prevention.
Methods

Cells and viruses
BHK-21 cells (baby hamster kidney fibroblast cells,
ATCC: CCL-10) and C6/36 (Aedes albopictus cells,
ATCC: CRL-1660) were cultured as described previ-
ously.35 DENV1�2402 (EDEN1, GenBank accession
EU081230.1) was obtained from the Early Dengue infec-
tion and outcome (EDEN) study in Singapore36 and pas-
saged 6 times in C6/36 cells prior to use in this study.
ZIKV Paraiba 01/2015 (Brazilian strain) was a gift from
Evandro Chagas Institute and passaged 2 times in C6/
36 cells prior to use in this study. All virus strains were
grown in C6/36 cells and the supernatants were stored
at �80 °C after filtration through a 0.45mm membrane.
Virus titer was determined by standard plaque assay on
BHK-21 cells. 4G2 antibody (Ab) (mouse IgG2a, anti-E
of all DENV serotypes) was purified from supernatant
of cultured hybridoma (ATCC: HB-112) as described
previously.35
Animal studies
All animal experiments (protocol 2016/SHS/1197;
2021/SHS1651) were approved by the Institutional Ani-
mal Care and Use Committee at Singapore Health Serv-
ices and conformed to the National Institutes of Health
(NIH) guidelines and public law.

Sv/129 mice deficient in type I/II IFN receptors
(AG129), purchased from B&K Universal (UK), were
housed in the BSL-2 animal facility at Duke-NUS, Sin-
gapore. Eight to 12 week-old mice were used for all
experiments.
DENV1 or ZIKV infection in non-pregnant mice
Eight to 10 weeks old adult female AG129 mice were
inoculated intravenously (iv) with 2 £ 107 pfu of DENV1
or 1 £ 103 pfu of ZIKV Paraiba strain. Blood was col-
lected on days 1�8 post-infection (pi) from facial vein
and the serum samples were used to measure viral copy
number. Mouse survival rate was monitored until day 12.
DENV1 or ZIKV infection in pregnant mice
Eight to 12 weeks old female AG129 mice were used to
obtain pregnant mice. Female mice were housed with
adult male AG129 mice for 3.5 days. The female mice
were then inoculated iv with 2 £ 107 pfu of DENV1
either on day 7.5 post-mating (corresponding to E4�7.5)
or day 11.5 post-mating (corresponding to E8�11.5).
Mice that acquired infection in the E4�7.5 period were
www.thelancet.com Vol 77 Month March, 2022
sacrificed on day 7 pi (E11�14.5), and mice that were
infected in the E8�11.5 period were sacrificed on day 3
(E11�14.5), 5 (E13�16.5) or 7 (E15�18.5) pi. In separate
experiments, female AG129 mice were housed with
adult male AG129 mice for 1.5 days and inoculated iv
with 2 £ 107 pfu of DENV1 or 1 £ 103 pfu of ZIKV Para-
iba on day 7.5 post-mating (E6�7.5), day 9.5 post-mat-
ing (E8�9.5), or day 13.5 post-mating (E12�13.5). The
copulatory plug formation37 was checked every morning
for 2 days. For the induction of ADE infection of DENV,
mice were injected iv with 50mg of 4G2 Ab 4 h prior to
DENV infection. Mice that acquired infection in the
E6�7.5 period were sacrificed on day 3 pi (E9�10.5) or
day 5 pi (E11�12.5), and mice that were infected in the
E8�9.5 period and the E12�13.5 period were sacrificed
on day 5 (E13�14.5 and E17�18.5, respectively). All mice
were euthanized by CO2 inhalation and perfused with
PBS after blood collection from the postcaval vein.
Fetuses were collected and washed with PBS three times
on 24- or 48-well plates to avoid contamination of mater-
nal blood-derived viruses. In some experiments, placentas
were separated into the fetal part and the maternal
decidua part38 to analyze individually. Fetuses and tissues
were snap frozen in liquid nitrogen until use.
Quantification of viral genome copies and host gene
expression by quantitative real-time RT-PCR
Serum viral RNA was extracted using QIAamp Viral
RNA Mini Kit (Qiagen) according to the manufacturer’s
instructions. Frozen tissues were homogenized by Tis-
sueLyser (Qiagen) with 100�1000ml PBS depending
on the tissue size, and the supernatants (10�20 ml)
after centrifugation were used for RNA extraction using
Trizol (Thermo Fisher Scientific). The RNA concentra-
tion was measured by Nanodrop (Thermo Fisher Scien-
tific) and adjusted to 20 ng/ml in distilled water. Eighty
ng of RNA was used to measure viral RNA and host
gene expression levels by real-time PCR.

Real-time RT-PCR to measure viral RNA was carried
out in Bio-Rad Real-time thermal cycler CFX96 by the
use of qScript One-Step qRT-PCR kit (Quanta) accord-
ing to the manufacturer’s instructions. Primers and
TaqMan probes targeting for DENV1 and ZIKV (Table
S1), and RNA products used for the standard curve for
quantification of viral genome copy were described in
our previous study.39

RNA extracted from placenta samples was further
subjected to real-time RT-PCR quantification for the
host genes expression by iTaq Universal SYBR green
one-step kit according to the manufacturer’s instruc-
tions (Bio-Rad). Primers targeting b-actin,40 caspase-
1, caspase-11/4, caspase-6, caspase-7, caspase-1241 and
caspase-842 were described in Table S1. The gene
expression was normalized to b-actin expression
and presented as relative values calculated by
2�DDCt*10,000.
3
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Determination of infectious virus titer by plaque assay
Supernatants of fetus and placenta homogenates were
diluted 2�10-fold with culture media and subjected to
standard plaque assay to measure the infectious virus
titer using BHK-21 cells as described previouly.43
Gene expression profiling in placenta samples by
NanoString technologies
Gene expression profiling using NanoString nCounter
gene expression assay was performed as described pre-
viously.44 Briefly, RNA used for the NanoString assay
was extracted from the homogenates of fetal placenta
and decidua using RNeasy Micro Kit (Qiagen) following
manufacturer’s instructions. The quality and quantity
of the RNA extracted were assessed by Bioanalyzer (Agi-
lent Technologies) and Quant-iT RiboGreen RNA assay
kit (Life Technologies), respectively. 100 ng of total
RNA was subjected to inflammatory genes profiling
using a customized nCounter� Mouse Inflammation
V2 codeset (NanoString Technologies) according to
manufacturer’s instructions. The add-on genes in the
nCounter� Mouse Inflammation V2 codeset can be
found in Table S2. The gene expression profile obtained
from nCounter� was analyzed using nSolver 3.0. Gene
counts are normalized to the panel’s internal house-
keeping genes and expressed as log2 (fold change) with
respect to uninfected control placentas with heatmaps
generated using online Morpheus software (https://soft
ware.broadinstitute.org/morpheus).
Statistical analysis
Graphs were generated using GraphPad Prism v5.0 soft-
ware or Microsoft Excel. Significant differences between
data groups were determined by 2-tailed Student t-test anal-
ysis (https://www.socscistatistics.com/tests/studentttest/).
Significant differences of the fetal infection rate between
data groups were determined by Fisher's exact test (https://
www.socscistatistics.com/tests/fisher/default2.aspx). P
value less than 0.05 was considered significant.
Role of the funders
This study was supported by National Medical Research
Council/Open Fund Individual Research Grant
MOH-000524 (SW), MOH-000086 and OFIRG20nov-
0017 (to SGV). The funding authorities did not have
any role in study design, data collection, data analysis,
interpretation or the preparation of this manuscript.
Results

Non-lethal DENV1 infection during pregnancy induces
up to 25% fetal infection in AG129 mice
DENV has been shown to be more infectious in AG129
mice (lacking IFN-a/b and g receptors) compared with
immunocompetent mice or A129 mice (lacking IFN-
a/b receptor).45 We previously showed that high titer
inoculum (>107 pfu) of DENV1 clinical strain EDEN1
(GenBank accession: EU081230.1) can induce high lev-
els of serum viral RNA (viremia) in AG129 mice.46

Therefore, we selected this mouse strain to examine the
potential for DENV to be disseminated through trans-
placental vertical transmission. We first established that
intravenous (iv) infection with 2 £ 107 pfu of DENV1
(EDEN1) strain induced viremia that reached > 107 cop-
ies/ml on day 2�3 post-infection (pi) (Figure 1a) without
mortality (Figure 1b) in non-pregnant female AG129
mice. On the other hand, ZIKV has been shown to be
more infectious in immunocompromised mice and
inoculation with 1 £ 103 pfu of ZIKV strains in A129
was shown to induce a high rate of fetal infection in our
previous studies.34,39,47 As shown in Figure 1a and 1b,
ZIKV-Paraiba (Brazilian strain), that was used as a com-
parator in this study, caused 100% mortality around day
10 pi accompanied with higher levels of viremia than
DENV1 when inoculated with 1 £ 103 pfu. These infec-
tion conditions were adopted for the experiments using
pregnant AG 129 mice.

In both humans as well as mice, fetal ZIKV infection
occurs during the early stage of pregnancy.34,48�51

Therefore, we initially inoculated DENV1 in pregnant
mice at two different embryonic stages; on day 7.5 post-
mating (Figure 1c-i) or day 11.5 post-mating (Figure 1c-
ii). Since the estrous cycle in female mice is typically
4 days long, mating for 3.5 days can achieve a high rate
of pregnancy required to examine an overall trend of
vertical transmission. Therefore, the infection days cor-
responded to embryonic days 4�7.5 (E4�7.5)
(Figure 1c-i) and E8�11.5 (Figure 1c-ii), respectively.
Pregnant mice that acquired infection at the E4�7.5
stage were sacrificed on day 7 pi (E11�14.5), while mice
that acquired infection at the E8.5�12 stage were sacri-
ficed on day 3 (E11�14.5), 5 (E13�16.5) or 7 pi (E15�18.5)
in order to harvest fetuses and placentas (Figure 1c).
The fetus and whole placenta samples were homoge-
nized with PBS and RNA was extracted from the super-
natants to measure the tissue viral load by realtime RT-
PCR.35 To avoid contamination of maternal blood-
derived viruses, harvested fetuses were washed with
PBS three times before being snap frozen. Virus
genome was detected in all placentas examined and the
genome copies showed an increasing trend from day 3
to day 7 pi (Figure 1d). We found that 23% (5/22) of the
fetuses were positive for DENV on day 7 pi in dams that
acquired infection at E4�7.5, whereas the DENV posi-
tive rates in dams that acquired infection at E8�11.5
were 9% (2/23) on day 3 pi, 23% (6/26) on day 5 pi, or
4% (1/26) on day 7 pi, respectively (Figure 1e). Collec-
tively, this data indicates that up to 25% fetuses can be
infected by DENV when dams acquire infection within
the range of E4�11.5. However, it also should be noted
that a rate of fetal infection is different among the
www.thelancet.com Vol 77 Month March, 2022
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Figure 1. DENV1 pathogenesis in pregnant mice. (a and b) Non-pregnant adult female AG129 mice were inoculated iv with DENV1
(EDEN1; 2 £ 107 pfu) or ZIKV (Paraiba; 1 £ 103 pfu). Blood samples were collected on days 1- 8 post-infection (pi) and mixed serum
from each group were subjected to real-time RT-PCR to obtain the average viral genome copy numbers (a). Mouse survival rate was
monitored until day 12 pi (b). The number of mice per group is 5. (c�e) Eight to 12 weeks old female AG129 mice were housed with
adult male AG129 mice for 3.5 days. The female mice were inoculated iv with 2 £ 107 pfu of EDEN1 on day 7.5 post-mating (corre-
sponding to E4�7.5) or day 11.5 post-mating (corresponding to E8�11.5). Mice that acquired infection at E4�7.5 were sacrificed on
day 7 pi (E11�14.5), and mice that acquired infection at E8�11.5 were sacrificed on day 3 (E11�14.5), 5 (E13�16.5) or 7 (E15�18.5)
pi (c). Whole placentas (d) and fetuses (e) were collected to measure viral load by real-time RT-PCR. The limit of PCR detection is
12.5 copies/mg RNA. Placental viral load was plotted with the average results with standard deviations. NC indicates uninfected con-
trol group harvested at E11�14.5.
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individual dams and a trend that younger fetuses, which
are morphologically distinguishable, are more likely to
acquire infection at each time point of harvest was
observed (Figure S1). The dams that bore DENV-positive
fetuses at a rate of >20% are marked with asterisks in
Figure S1.
DENV infection in the presence of enhancing
antibodies drastically increases the risk of fetal
infection and mortality in mice
Having established the conditions for significant fetal
infection when dams become infected, we next explored
the impact of severe dengue associated with ADE infec-
tion, a phenomenon that is well established in experi-
mental models and supported epidemiologically in the
context of DENV patients who have experienced second-
ary heterotypic DENV infection52,53 or who have had
ZIKV infection prior to DENV.54 Next, to avoid a large
difference in the homogeneity, mice were mated for a
shorter period of time (1.5 days long) and on day 9.5
post-mating (E8�9.5), they were injected iv with 50mg
of 4G2 antibody that binds to the envelop (E) protein of
flaviviruses 4 h prior to infection with DENV1 to mimic
ADE infection46 (Figure 2a). The mice that received
4G2 Abs showed more obvious signs of infection such
as ruffled fur,35 however, they did not succumb to infec-
tion. Mice were sacrificed on day 4 or 5 pi, when the
effect of ADE is prominently observed in tissues,35,55 in
order to harvest fetuses, placentas and various maternal
tissues (Figure 2a). Among the tissues examined, a sig-
nificant increase in viral load was observed in liver
(16.9-fold; P = 0.030 on day 4 and 3.6-fold; P = 0.001
on day 5) and small (S) intestine (2.6-fold; P = 0.011 on
day 4 and 2.4-fold; P = 0.002 on day 5) (Figure S2),
which was similarly observed in AG129 mice infected
with DENV2 with enhancing Abs.35,55 Under this ADE
condition, placental viral load was observed to be
increased by 1.7-fold (P<0.001) on day 4 pi and 2.4-fold
(P = 0.002) on day 5 pi (Figure 2b), suggesting that pla-
centa is one of the target tissues for ADE of DENV in
mice. Notably, the rate of DENV-positive fetus drasti-
cally increased under the conditions mimicking ADE
with 4G2 Ab on both day 4 pi [Virus control (VC):
17.2% (5/29) vs ADE: 63.0% (17/27), P = 0.001] and day
5 pi [VC: 17.6% (3/17) vs ADE: 63.6% (21/33), P = 0.003]
(Figure 2c). Higher rate of fetal death mirrored the
increased infectivity that was observed in dams infected
after 4G2 Ab treatment on day 4 pi (VC: 3.4% vs ADE:
18.5%) and day 5 pi (VC: 11.8% vs ADE: 48.5%)
(Figure 2d). Intriguingly, 2.4-fold increase in placental
viral load in the presence of Ab (Figure 2b) resulted in
more than 30% increase in fetal mortality on day 5 pi
(Figure 2d). DENV1 was detected in 91.7% (22/24) of
the dead fetuses that could be clearly identified by the
abnormal shape/bloodless color (Figures 2d and S3),
suggesting that fetal death occurred as a direct
consequence of DENV infection. Taken together, the
risk of fetal infection and death is clearly increased in
the presence of enhancing Ab in our mouse model.
High rate of DENV fetal infection can be established
even though the placental viral load is lower than that
of ZIKV
Parallel studies with ZIKV-Paraiba strain in pregnant
AG129 mice for comparison showed that 56.7% (17/30)
of the fetuses were positive on day 5 pi, which is compa-
rable to the rate of DENV fetal infection under ADE con-
dition (P = 0.614) (Figure 2c). Surprisingly, however,
placental viral load in DENV infection was found to be
21.7-fold lower than ZIKV infection (P<0.001)
(Figure 2b). Plaque assay to detect infectious virus in
the same placenta samples showed that the DENV titer
in the presence of 4G2 Ab (6.3 £ 101 PFU) was 65.4-
fold lower than the ZIKV titer (4.1 £ 103 PFU) (Figure
S4). These results suggests that viral burden in placenta
is perhaps not the only determinant that leads to vertical
transmission of virus. In addition, infectious virus par-
ticles could be detected in 6% (1/17), 27.3% (9/33) and
33.3% (10/30) of the fetuses in dams with DENV (-Ab),
DENV (+Ab) and ZIKV infection, respectively (Figure
S4), which corroborates that the infection occurred in
these fetuses. ZIKV infection induced a lower rate of
fetal death (10.0%) compared with DENV-ADE (48.5%)
infection on day 5 pi (Figure 2d). Among the infected
fetuses, 2 out of 3 (66.7%) were found dead in DENV
infection without Ab and 16 out of 21 (76.2%) were
dead in DENV infection with 4G2 Ab on day 5 pi,
whereas 3 out of 17 (17.6%) were found dead in ZIKV
infection on day 5 pi (data not shown), also suggesting
that this DENV strain may be more pathogenic in
murine fetuses than ZIKV in the present experimental
conditions.
DENV infection at late pregnancy does not permit fetal
infection in mice
Since younger fetuses seemed to be more likely to
acquire DENV infection when the dams are infected at
E8�11.5 (Figure S1), we further corroborated this obser-
vation by infecting virus at the late pregnancy stage on
day 13.5 post-mating (E12�13.5), when the placenta
becomes morphologically and functionally mature,56

and collecting the fetuses and whole placentas on day 5
pi (E17�18.5) (Figure 2e). Strikingly, none of the fetuses
were positive for DENV even in the presence of the
enhancing Ab (Figure 2g). Lack of viral load enhance-
ment by 4G2 Ab in placenta (Figure 2f) suggests that
ADE infection condition in placenta may decrease at the
late stage of pregnancy. Significant reduction in the rate
of fetal infection was also observed in ZIKV-infected
mice (4/26: 15.4%) (Figure 2g) at the late stage of preg-
nancy as was also shown previously in mouse
www.thelancet.com Vol 77 Month March, 2022



Figure 2. DENV1 pathogenesis in the presence or absence of enhancing Ab in pregnant mice, and its comparison with ZIKV pathogenesis.
(a-d) Eight to 12 weeks old female AG129mice were housed with adult male AG129mice for 1.5 days and inoculated iv with 2£ 107 pfu of
EDEN1 in the absence (DV) or presence [DV (+Ab)] of 4G2 Ab, or 1£ 103 pfu of ZIKV Paraiba (ZV) on day 9.5 post-mating (E8�9.5). 50mg of
4G2 were injected iv 4 h prior to DENV infection. DENV-1 infected mice were sacrificed on day 4 (E12�13.5) or 5 (E13�14.5) pi, and ZIKV-
infected mice were sacrificed on day 5 (E13�14.5) pi (a). Viral load in whole placentas (b) and fetuses (c) were measured by real-time RT-
PCR and plotted with the average results with standard deviations for placentas. Percentages of live/dead fetuses, that were visually identifi-
able, are shown in d. The representatives of live/dead fetuses are displayed on the pictures. NC indicates uninfected control group harvested
at E12�13.5. (e�g) Eight to 12 weeks old female AG129 mice were housed with adult male AG129 mice for 1.5 days and inoculated iv with
2 £ 107 pfu of EDEN1 in the absence (DV) or presence [DV (+Ab)] of 4G2 Ab, or 1 £ 103 pfu of ZIKV Paraiba on day 13.5 post-mating
(E12�13.5). 50mg of 4G2 were injected iv 4 h prior to DENV infection. DENV- and ZIKV-infected mice were sacrificed on day 5 pi (E17�18.5)
(e). Viral load in placentas (f) and fetuses (g) was measured by real-time RT-PCR and plotted with the average results with standard devia-
tions for placentas. The limit of PCR detection is 12.5 copies/mg RNA, and samples with>12.5 copies/mgwere counted as positive. The num-
bers of samples of data groups are indicated in the text. Statistical differences of viral load between data groups were analyzed using 2-
tailed Student t-test. Significant differences of the fetal infection rate between data groups were determined by Fisher's exact test.
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models.34,49,50 These results indicate that the vertical
transmission of DENV predominantly occurs at early
pregnancy similar to ZIKV in mice.
DENV preferably infects the maternal decidua under
the condition of ADE, while a fetal portion of the
placenta is a dominant site of ZIKV infection
Placenta consists of the embryo-derived fetal tissue and
uterine-derived maternal decidua. The fetal site is
mainly composed of Hofbauer cells and various types of
trophoblast, whereas the maternal decidua mainly con-
sists of the decidual stroma cells and a variety of mater-
nal immune cells such as macrophages, dendritic cells
(DCs) and NK cells.57 Since DENV infection in the pres-
ence of 4G2 Ab induced comparable levels of fetal infec-
tion to ZIKV infection (Figure 2c) despite the significant
difference in placental viral load (Figure 2b), we next
examined the detailed pathogenesis in the fetal and
maternal portions of the placenta of these 2 infections.
Mice were mated for 1.5 days and infected with DENV1
in the presence of 4G2 or ZIKV on day 9.5 post-mating
(E8�9.5) (Figure 3a) as was done in the previous experi-
ment (Figure 2a). Fetuses and placentas were harvested
on day 5 pi and the placentas were further separated
into the fetal and maternal portions (Figure 3a). The
rate of fetal infection was comparable between DENV
(8/17: 47.1%) and ZIKV (7/12: 58.3%) (P = 0.710)
(Figure 3b). Interestingly, the viral load of DENV in
decidua (1.5 £ 106 copies/mg RNA) was 5.8-fold higher
than that in fetal placenta (2.5 £ 105 copies/mg RNA)
(P = 0.007) (Figure 3i), whereas the viral load of ZIKV
in fetal placenta (1.8 £ 107 copies/mg RNA) was 3.3-fold
higher than that in decidua (5.5 £ 106 copies/mg RNA)
(P<0.001) (Figure 3i). Consequently, the viral load in
ZIKV infection was 72.4-fold higher than DENV infec-
tion in the fetal portion of placenta (P<0.001)
(Figure 3c) and only 3.8-fold higher in decidua although
the difference is still statistically significant (P = 0.001)
(Figure 3d).

Since the physiological environment of placenta
undergoes dynamic changes during pregnancy, we fur-
ther examined the DENV and ZIKV pathogenesis at an
earlier stage of pregnancy. Pregnant mice were infected
with DENV1 in the presence of 4G2 or ZIKV on day 7.5
post-mating (E6�7.5) and fetuses, fetal placenta and
decidua were harvested on day 3 pi (E9�10.5)
(Figure 3e). The rate of fetal ZIKV infection increased to
100% (9/9) (Figure 3f) even though the viral load in
fetal placenta and decidua is 4.7-fold and 2.0-fold lower
than that on day 5 pi (Figure 3c and d), respectively, indi-
cating that the placenta in earlier pregnancy is more
permissive for ZIKV transmission regardless of viral
burden. On the other hand, the rate of fetal DENV infec-
tion was only 27.3% (3/11) even in the presence of
enhancing Ab (Figure 3f). At this stage, the viral load of
DENV in decidua (8.3 £ 104 copies/mg RNA) was 1.7-
fold higher than that in fetal placenta (4.8 £ 104 copies/
mg RNA) (P = 0.034) (Figure 3i), whereas the viral load
of ZIKV in fetal placenta (3.9 £ 106 copies/mg RNA)
was 1.5-fold higher than that in decidua (2.7 £ 106 cop-
ies/mg RNA) (P = 0.012) (Figure 3i). Consequently, the
viral load in ZIKV infection was 81.4-fold higher than
DENV1 infection in the fetal placenta (P<0.001)
(Figure 3g) and 32.5-fold higher in decidua (P<0.001)
(Figure 3h). Thus, the viral load in the decidua seems to
be associated with the difference in the rate of fetal
infection between DENV and ZIKV.

One possible reason for the low rate of fetal DENV
infection is that it might take more than 3 days to see
clearly the effect of ADE.35 Therefore, we further col-
lected samples from DENV1-infected mice on day 5 pi
(E11�12.5) (Figure 3e). The rate of DENV-positive fetus
increased to 53.3% (8/15), suggesting that the vertical
transmission of DENV under ADE condition occurs
later than that of ZIKV. Nevertheless, the positive rate
for DENV is similar to that of fetuses at E13�14.5
(47.1%; Figure 3b), indicating that embryonic stage-
dependent fetal DENV infection is not as clearly induc-
ible as ZIKV at this pregnancy stage.
Gene expression pattern in placenta varies depending
on gestational age
Virus infection induces various host biological reactions
and one possible route of viral transmission during
pregnancy is that placental infection may lead to break-
down of the placental barrier by inducing inflammation
or apoptotic cell death, as suggested by mouse models
of ZIKV infection.58,59 We therefore comprehensively
analyzed the gene expression in placentas using Nano-
String nCounter gene expression assay. To minimize
the differences in embryonic age among the samples,
we selected placenta samples obtained from dams that
had carried a copulation plug on the first day.37 RNA
extracts (100 ng) of fetal placenta and decidua collected
at E14.5 (n = 4) (Figure 3a) and at E10.5 (n = 4)
(Figure 3e) together with uninfected control harvested
on each corresponding day (n = 4) were subjected to the
gene expression profiling using nCounter� Mouse
Inflammation V2 codeset with add-on genes (Table S2)
that comprises 278 genes related to inflammation,
innate and adaptive immune responses and apoptosis
Figure 4. shows the overall profile of mRNA copy num-
bers per gene in fetal placenta and decidua from unin-
fected control (NC), DENV- and ZIKV-infected dams. A
number of genes were found to be transcriptionally
active in the fetal placentas regardless of infection at
both E10.5 (Figure 4a) and E14.5 (Figure 4c). Interest-
ingly, however, most of the genes including housekeep-
ing genes were found to be transcriptionally silent in
decidua at E14.5 (Figure 4d), although various genes in
decidua were transcriptionally active at E10.5
(Figure 4b) similar to the fetal placentas (Figure 4a).
www.thelancet.com Vol 77 Month March, 2022



Figure 3. DENV1 and ZIKV infection in a fetal portion of placenta and maternal decidua. (a�d) Eight to 12 weeks old female AG129 mice
were housed with adult male AG129 mice for 1.5 days and inoculated iv with 2£ 107 pfu of EDEN1 in the presence of 4G2 Ab [DV (+Ab)] or
1 £ 103 pfu of ZIKV Paraiba (ZV) on day 9.5 post-mating (E8�9.5). 50mg of 4G2 were injected iv 4 h prior to DENV infection. DENV- and
ZIKV-infected mice were sacrificed on day 5 pi (E13�14.5) (a). Placentas were separated into a fetal portion and maternal decidua as dis-
played on the pictures. A simplified diagram of mature mouse placenta is also shown (a). Viral load in fetuses (b), fetal placentas (c) and
deciduas (d) was measured by real-time RT-PCR and plotted with the average results with standard deviations for placentas. (e�h) Eight to
12 weeks old female AG129 mice were housed with adult male AG129mice for 1.5 days and inoculated iv with 2£ 107 pfu of EDEN1 in the
presence of 4G2 Ab [DV (+Ab)] or 1£ 103 pfu of ZIKV Paraiba (ZV) on day 7.5 post-mating (E6�7.5). 50mg of 4G2 were injected iv 4 h prior
to DENV infection. DENV- and ZIKV-infected mice were sacrificed on day 3 (E9�10.5) or day 5 (E11�12.5) pi (a). Viral load in fetuses (b), fetal
placentas (c) and deciduas (d) was measured by real-time RT-PCR and plotted with the average results with standard deviations for pla-
centas. The limit of PCR detection is 12.5 copies/mg RNA, and samples with >12.5 copies/mg were counted as positive. (i) Comparison of
viral load between fetal placenta and decidua and its P values on day 5 pi (c and d) and day 3 pi (g and h). The numbers of samples of data
groups are indicated in the text. Statistical differences of viral load between data groups were analyzed using 2-tailed Student t-test. Signifi-
cant differences of the fetal infection rate between data groups were determined by Fisher's exact test.
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Figure 4. Overall profile of mRNA copy numbers of inflammatory genes in fetal placenta and decidua analyzed by NanoString
nCounter gene expression assay. (a�d) Placenta samples obtained from dams that had carried a copulation plug on the first day
morning were selected for gene expression profiling by NanoString assay. RNA was extracted from 12 fetal placentas and deciduas
harvested from uninfected control mice (n = 4), DENV1-infected mice (+Ab) (n = 4), and ZIKV-infected mice (n = 4) at E10.5 (a and b)
and E14.5 (c and d). 100mg RNA per sample was subjected to gene expression analysis using nCounter� Mouse Inflammation V2
codeset with add-on genes (Table S2). Messenger RNA copy numbers of 278 genes were normalized to that of panel’s internal
housekeeping genes (6 genes) and the average RNA copy numbers of 4 samples per group were expressed as log2 with heatmap.
The maximum color density of the heatmap is 1024 (log210) RNA copies. (e-g) All fetal placenta and decidua samples harvested on
E9�10.5 (n = 50) (e), E11�12.5 (n = 28) (f) and E13�14.5 (n = 43) (g) were subjected to real-time RT-PCR for b-actin to see the kinet-
ics of gene expression determined by the cycle threshold (Ct) values.
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This indicates that the gene activity decreases in the
decidua in a restricted manner during the process of
prenatal development. In order to corroborate this
observation, the kinetics of actin expression was exam-
ined by realtime RT-PCR using the placenta samples
collected at E9�10.5, E11�12.5 and E13�14.5 (Figure 3a
and e). Threshold Cycle (Ct) values of actin were mostly
< 20 in fetal placenta all the time (Figure 4e�g),
whereas actin Ct values in decidua were < 20 at
E9�10.5 (Figure 4e) and > 25 at E13�14.5 (Figure 4g),
which correlates with the gene expression profile
obtained by NanoString assay (Figure 4a�d). In addi-
tion, varied actin Ct values ranging from 17 to 27 were
detected in deciduas at E11�12.5 (Figure 4f), indicating
that the gene expression activity in decidua drastically
changes during E11�13 in mice.
DENV and ZIKV infection commonly, and in part
specifically, modulate host immune and inflammatory
responses
In decidua at E14.5, only limited genes such as IFIT
were modulated by virus infection (Figure 4d). The over-
all gene expression profiles in response to DENV or
ZIKV infection in fetal placenta at E14.5 and fetal pla-
centa and decidua at E10.5 are displayed as fold change
www.thelancet.com Vol 77 Month March, 2022



Figure 5. Selected genes that were significantly upregulated
or downregulated by DENV and/or ZIKV infection. Gene
counts for 278 endogenous genes were normalized to that
of panel’s internal housekeeping genes and expressed as
log2 (fold change) with respect to uninfected control for
fetal placenta at E14.5 (Figure S5) and E10.5 (Figure S6),
and decidua at E10.5 (Figure S7). The selected genes that
were significantly upregulated or downregulated by DENV
(+Ab) and/or ZIKV are shown with heatmap in the order of
fetal placenta at E14.5 (a) and E10.5 (b), and decidua at
E10.5 (c). Statistical analyses were performed using 2-tailed
Student t-test and P value less than 0.05 was considered
significant.
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with respect to uninfected control placentas in Figures
S6, S7 and S8, respectively. Of the 278 profiled genes,
we found that 16 genes were significantly upregulated
by both DENV and ZIKV infection, while 8 and 15 genes
were uniquely upregulated by either DENV or ZIKV
infection, respectively, in fetal placenta at E14.5
(Figure 5a). The most prominent upregulation was
found in the genes encoding IFN-related proteins such
as IFITs, MX2, OASs, Viperin-1, IFNs, IRF7 and STATs,
which are predominantly induced by ZIKV (Figures S6
and 5a), as previously shown in various types of cells.60

On the other hand, the expressions of complements
such as C4A, C6 and CFB were characteristics of DENV
infection in fetal placentas at E14.5 (Figures S6 and 5a).

In fetal placenta at E10.5, total 32 genes were signifi-
cantly upregulated by DENV and/or ZIKV infection,
and IFN-related genes such as IFITs, OASs, IRF7 and
STATs were predominantly upregulated by ZIKV (Fig-
ures S7 and 5b) similar to E14.5 (Figure 5a). However,
the gene profile at this stage is characterized by a signifi-
cant downregulation of a number of genes (total 31
genes), which includes apoptosis-related genes (CAS-
PASEs and SHC1), complements (C1s), pattern recogni-
tion receptors (TLR3 and 4) and transcription factors
(NFKB1 and STAT3), by DENV and/or ZIKV infection
(Figure 5b). In addition, several genes such as IFITM1
and MMP9 were oppositely regulated by infection
between E14.5 (Figure 5a) and E10.5 (Figure 5b). The
take home message is that the host immune responses
to virus infection vary depending on the gestational age
in placentas. In decidua at E10.5, 18 genes were found
to be commonly upregulated by DENV and ZIKV infec-
tion, and a higher number of genes were upregulated
by DENV infection (18 genes) in a biased manner com-
pared with ZIKV infection (8 genes) (Figure 5c) in spite
of 32.5-fold lower DENV viral load (Figure 3h). Interest-
ingly, a number of the apoptosis-related genes (CAS-
PASEs, BCL2L1, DAXX and DDIT3) were found to be
upregulated predominantly by DENV infection in
decidua (Figures S8 and 5c). It is also notable that many
transcription factors such as BCL6, CEBPB, FOS, IRF1,
MAFF and MEFs were upregulated by DENV/ZIKV
infections more prominently than fetal placenta (Fig-
ures S8 and 5c), suggesting that decidua is more tran-
scriptionally responsive to infections than fetal placenta
at this stage, even though the gene expression in
decidua appears to be silent and unresponsive to infec-
tion at the later stage of pregnancy (Figure 4d).

In order to validate the gene expression profiles
obtained by NanoString assay, the expressions of several
Caspases were further examined by realtime RT-RCR
using increased number of decidua samples collected at
E9�10.5. Caspase-1 (Figure 6a) and Caspase-11/4
(Figure 6b) were upregulated by both DENV and ZIKV
infection similarly to the NanoString data (Figure 5c).
The expression of Caspase-8 was also upregulated by
DENV/ZIKV infection (Figure 6c), whereas Caspase-6
www.thelancet.com Vol 77 Month March, 2022 11



Figure 6. Modulation of caspase genes in decidua during DENV/ZIKV infection validated by real-time RT-PCR. RNA extracted from
decidua samples of uninfected control (n = 17), DENV infection in the presence of Ab (n = 12) and ZIKV infection (n = 14) at E9�10.5
was subjected to real-time RT-PCR for Caspase-1 (a), Caspase-11/4 (b), Caspase-8 (c), Caspase-6 (d), Caspase-7 (e) and Caspase-12 (f).
The gene expression was normalized to b-actin expression and presented as relative values calculated by 2�DDCt*10,000. Statistical
analyses were performed using 2-tailed Student t-test.
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was specifically upregulated by DENV infection
(Figure 6d) as observed by gene profiling (Figure 5c).
Additionally, Caspase-7 (Figure 6e) and Caspase-12
(Figure 6f), which are not included in the nCounter�

codeset, were found to be upregulated by DENV/ZIKV
or only ZIKV infection, respectively. Taken together,
these results indicate that DENV infection can evoke a
broad range of host immune responses comparable to
ZIKV despite lower placental viral burden in a mouse
model.
Discussion
Viruses are thought to rarely cross the placental barrier,
with particular exceptions such as Cytomegalovirus
(CMV) and ZIKV that are known to infect the fetus,
resulting in severe birth defects such as microcephaly
or even fetal death.61 Unfortunately, the mechanism of
vertical transmission of viruses is not well understood
and there are limited therapeutic or preventative strate-
gies to block this transmission route. While mice infec-
tion models have various limitations, it is the most
widely available tool, especially for ZIKV, to explore
maternal-fetal transmission with virus replication intact.32

In this study, we demonstrated that DENV can also be
transmitted vertically at a high rate in mice. Thus, this
mouse model would be a novel avenue to investigate the
mechanism of the transplacental virus infection.

It has been reported that adverse fetal outcomes cor-
relate with the severity of maternal symptoms of
dengue.15,19 Since severe dengue severity is usually asso-
ciated with secondary heterotypic infection, it is conceiv-
able that the presence of enhancing cross-reactive
antibodies increases the risk of fetal pathology in
humans. Correspondingly, our results clearly showed
that the rates of fetal DENV infection and death drasti-
cally increase in the presence of Ab that mimic the ADE
condition concomitant with increased placental viral
load. Although the high rate of fetal death (up to 50%)
observed in our mouse model does not seem to truly
reflect human fetal pathology, higher risk of miscar-
riage and stillbirth in pregnant women who had symp-
tomatic dengue infection compared with those without
should be noted.10,15

DENV pathogenesis in human placenta and fetus
has not been thoroughly examined, probably due to a
www.thelancet.com Vol 77 Month March, 2022
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lack of severe forms of fetal/infant abnormalities such
as microcephaly. There is also lack of clinical informa-
tion regarding the association of the rate of DENV verti-
cal transmission with the serological status of dengue.
Therefore, it is unclear whether the phenomenon found
in our study that DENV fetal infection is accelerated in
the presence of enhancing Abs is also applicable in the
context of human infection. This is an unexplored area
and our finding may open the door for more detailed
investigation of the phenomenon. It is generally known
that fetal placental portion comprises syncytiotropho-
blasts and Hofbauer cells, both of which express Fc-
gamma receptors,62 while decidua comprises maternal
macrophages which also express Fc-gamma receptors
that are necessary to induce ADE.57 Therefore, it is con-
ceivable that these Fc-receptor-bearing cells are respon-
sible for the induction of the high rate of fetal infection,
and determining the DENV-infected cell types in the
presence of enhancing Abs would be important to know
the mechanisms in which ADE contributes to the
enhancement of vertical transmission of virus in future
studies. A recent study reported that ZIKV infection is
enhanced in trophoblasts in the presence of DENV-
immune serum both in mice and human placental
explants,59 suggesting that ZIKV pathogenesis in preg-
nancy is affected by the DENV-serological status. Thus,
ZIKV infection under ADE condition would also be
important to examine in order to understand the mech-
anism of vertical transmission of flaviviruses. However,
the induction of ZIKV-ADE in vivo does not seem to be
straightforward as DENV-ADE since our previous study
showed that passive transfer of DENV-immune serum
does not clearly induce ZIKV-ADE in non-pregnant
A129 mice.39 One of the interpretative limitations in
our present study is that we used only one type of mono-
clonal Ab (4G2) to induce ADE, that has been used
extensively in previous studies35,39 and also shown to
enhance ZIKV-induced fetal infection and demise in a
different mouse model.63 Use of polyclonal Abs is more
relevant to clinical conditions and may elicit different
responses than a single monoclonal Ab. Another limita-
tion in the study is that there is no control mice receiv-
ing a non-specific monoclonal Ab. Some of these can be
addressed in future studies.

We previously showed that ZIKV infection in preg-
nant A129 mice induces infection in 44% of the fetuses,
and this vertical transmission was completely prevented
by an antiviral treatment (nucleoside inhibitor) accom-
panied with 35-fold reduction in placental viral load.34

Moreover, the rate of fetal infection was reduced from
48% to 14% by the 2-day delayed treatment with 3.4-
fold reduction in placental viral load.34 These results
suggest that successful suppression of placental viral
load by the antiviral treatment can prevent the transpla-
cental virus infection. Interestingly, however, we found
in the present study that the placental viral load is more
than 20-fold lower in DENV infection under ADE
www.thelancet.com Vol 77 Month March, 2022
condition than ZIKV infection despite the comparable
rate of fetal infection, suggesting that placental viral
load is not only the determinant for the vertical virus
transmission. The mechanism(s) that permit vertical
transmission of viruses is unknown. Epidemiological
studies showed that ZIKV infection during the first tri-
mester results in higher severe congenital abnormalities
and pregnancy complications than infection during the
second and third trimesters.51,64 Despite structural pla-
cental differences between mouse and human, the uter-
ine tissue response to pregnancy is similar between the
two species in terms of hemochorial placentation,65

which may explain the reason why fetal ZIKV infection
is most likely to occur at early stages of pregnancy in
both humans and mice. Placental infection may lead to
breakdown of the placental barrier by disrupting the
endothelial junctions, as is thought to systemically
occur during severe dengue infection,66 resulting in
ZIKV/DENV dissemination into the placenta. It has
been reported that TNFa that is produced by virus-
infected cells increases vascular permeability in tissues,
resulting in shock syndrome and death in DENV mouse
models.35,55,67 Therefore, we initially hypothesized that
TNFa-induced placental damage may allow the vertical
virus transmission. However, a treatment with anti-
TNFa Ab in ZIKV-infected pregnant mice could not
protect fetal infection (unpublished data), suggesting
that TNFa production in placenta is not responsible for
vertical transmission of ZIKV in mice. Indeed, neither
ZIKV nor DENV alters the expression of TNFa signifi-
cantly in our gene profiling data.

Placenta undergoes dynamic changes that accom-
pany fetal development from implantation to the partu-
rition. In mice, decidualization and placentation with
labyrinth formation begin around E6.5 and E8.5, respec-
tively, and the structurally mature placenta is estab-
lished around E10.5�11.5.56,68 Thus, the vertical
transmission of ZIKV and DENV occurs most effec-
tively in the environment where extensive cell prolifera-
tion and remodeling are underway in the uterus.
Interestingly, our gene expression profile in fetal pla-
centa at E10.5 revealed that, unlike E14.5, many genes
are downregulated by DENV and/or ZIKV infection that
include apoptosis-related proteins and transcription fac-
tors such as NF-kb. Therefore, it is conceivable that the
altered gene expression caused by virus infection may
interfere with the proper construction of placental bar-
rier and consequently permit the transplacental trans-
mission of virus.

It is also noteworthy that, although many genes are
transcriptionally active in decidua at E10.5, they appear
to be silenced and unresponsive to viral infections at the
later stage (E13�14.5) in pregnancy. This decidual
silencing seems to be associated with the placental
development when it becomes functionally mature at
E10.5�11.5.56,68 Additionally, it may be relevant to the
unique maternal-fetal interface environment where the
13
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maternal immune system must be tolerant to fetal allo-
antigens.69 Nevertheless, to our knowledge, there is so
far no report describing drastic changes in gene expres-
sion levels in decidua between early and late gestation
stages in animal models as well as humans.70 Intrigu-
ingly, a number of the apoptosis-related genes and tran-
scription factors are upregulated predominantly by
DENV infection at E10.5 in decidua. This may be associ-
ated with the condition of ADE since it has been shown
that DENV infection in the presence of Ab induces cas-
pase-dependent apoptosis in myeloid lineage cell line.71

Morphologically, decidua does not directly contact the
placental labyrinth zone where maternal and fetal blood
flow in a counter-current direction across the spongio-
trophoblast cells in the mature placenta.56 However, in
the primitive placenta at E8�10, the decidua occupies a
large portion of placenta, surrounding the embryo
across the trophoblast giant cells,56 and is thought to
regulate arterial remodeling and placental formation by
producing several soluble factors such as cytokines.68,72

Thus, the possibility that virus infection in decidua may
modulate the decidual roles on the arterial remodeling
and placentation that eventually influences on the equi-
librium of the placental barrier cannot be excluded.
More profound investigation in this area will be
required to better understand the impact of virus infec-
tion on the process of placentation.

In conclusion, we demonstrated in an animal
model that DENV can cross the placental barrier
even though the level of placental infection is signifi-
cantly lower than that of ZIKV infection. Detailed
analysis of the molecular events associated with
decidualization and placentation during DENV and
ZIKV infection may serve to identify the key factor
(s) responsible for vertical transmission of flavivi-
ruses and develop potential preventative tools to
block such transmission.
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